18 Previously, we have demonstrated that transgenic Arabidopsis and barley plants, expressing a 19 791 nucleotide (nt) dsRNA (CYP3RNA) that targets all three CYP51 genes (FgCYP51A, 20 FgCYP51B, FgCYP51C) in Fusarium graminearum (Fg), inhibited fungal infection via a 21 process designated as host-induced gene silencing (HIGS). More recently, we have shown 22 39 Keywords 40 Host-induced gene silencing, Spray-induced gene silencing, Fusarium, RNA interference, 41 double-stranded RNA 42
that spray applications of CYP3RNA also protect barley from fungal infection via a process 23 termed spray-induced gene silencing (SIGS). Thus, RNAi technology may have the potential 24 to revolutionize plant protection in agriculture. Therefore, successful field application will 25 require optimization of RNAi design necessary to maximize the efficacy of the RNA silencing 26 construct for making RNAi-based strategies a realistic and sustainable approach. 27
Previous studies indicate that silencing is correlated with the number of siRNAs generated 28 from a dsRNA precursor. To prove the hypothesis that silencing efficiency is correlated with 29 the number of siRNAs processed out of the dsRNA precursor, we tested in a HIGS and SIGS 30 approach dsRNA precursors of increasing length ranging from 400 nt to 1500 nt to assess 31 gene silencing efficiency of individual FgCYP51 genes. Concerning HIGS-mediated disease 32 control, we found that there is no significant correlation between the length of the dsRNA 33 precursor and the reduction of Fg infection on CYP51-dsRNA expressing Arabidopsis plants. 34 Importantly and in clear contrast to HIGS, we measured a decrease in SIGS-mediated Fg 35 disease resistance that significantly correlates with the length of the dsRNA construct that was 36 sprayed, indicating that the size of the dsRNA interferes with a sufficient uptake of dsRNAs 37 by the fungus. 38
Introduction 43
Crop plants are challenged by a multitude of different pathogens, insects, animals and weeds 44 that cause many different plant diseases and constitute a constant threat to food supply. It is 45 estimated that those organisms cause yield losses up to 40% of the global agricultural 46 production what constitutes extremely high costs for our growing world population 3 (Alexander et al., 2017; OERKE and Dehne, 2004) . Besides the yield losses, mycotoxin 48 contamination of foods and feedstuffs caused by phytopathogenic fungi, such as Fusarium 49 graminearum (Fg), poses an almost intractable problem in agricultural production (Doll and 50 Danicke, 2011) . Current plant protection strategies rely on fungicide application for both 51
Fusarium disease control and limitation of mycotoxin accumulation. The most commonly 52 used fungicides are azoles, which target the cytochrome P450 sterol 14α-demethylase 53 encoded by FgCYP51 genes. Inhibition of CYP51 causes depletion of ergosterol which results 54 in loss of membrane integrity followed by growth inhibition and death of fungal cells 55 (Yoshida, 1988) . However, as a consequence of continuous fungicide applications an 56 increasing rate of azoles insensitivity was observed in several plant pathogenic fungi 57
including Fusarium species (Becher et al., 2010; Spolti et al., 2014) . Thus, the development 58 of alternative control strategies has become one of the biggest challenges for plant 59 pathologists in these days. 60
RNA interference (RNAi) is a conserved and integral aspect of gene regulation that utilizes 61 small RNAs (sRNAs) to direct the silencing of gene expression at the transcriptional or 62 posttranscriptional level. Over the last decade RNAi-based gene silencing has emerged as a 63 powerful genetic tool for scientific research. It has been utilized in various fields of applied 64 research, such as agriculture and human and veterinary medicine. The mechanism of RNAi-65 mediated plant protection strategies relies on the expression of the transgene that provokes the 66 formation of a double stranded (ds)RNA precursor molecule in planta. This dsRNA 67 subsequently triggers the plants RNAi machinery to process small interfering (si)RNAs that in 68 case of an infection exhibit target gene silencing of a certain pathogen (Koch and Kogel 69 2014) . 70
In a previous study we demonstrated that transgenic Arabidopsis and barley (Hordeum 71 vulgare) plants, expressing a 791 nucleotide (nt) dsRNA (CYP3RNA) that targets all three 72 CYP51 genes (FgCYP51A, FgCYP51B, FgCYP51C) in Fg, inhibited fungal infection via a 73 4 process designated as host-induced gene silencing (HIGS) (Koch et al., 2013; Nowara et al., 74 2010 ). Furthermore, HIGS has been shown to protect several different plants species against 75 infection by nematodes (Shivakumara et al., 2017) , insects (Abdellatef et al., 2015), bacteria 76 (Walawage et al., 2013) and fungi (Koch et al., 2013) as well as invasion by parasitic plants 77 (Alakonya et al., 2012) . 78
While we already provided proof-of-concept that RNAi-based plant protection is an effective 79 strategy for controlling diseases caused by devastating necrotrophic pathogens, the broad 80 applicability of HIGS remains questionable due to fact that generation of genetically modified 81 (GM) crops is time-consuming and weakly accepted in many European countries. Therefore, 82
we established an RNAi-based non-GMO crop protection approach using direct spray 83 applications of dsRNA to target pathogens. Recently, we have shown that spray applications 84 of CYP3RNA also protect barley from fungal infection via a process termed spray-induced 85 gene silencing (SIGS) (Koch et al., 2016) . Our finding that inhibitory dsRNA is effective 86 upon spray application is of a ground-breaking nature, and it represents significant progress to 87 make RNAi-based approaches for plant protection scientifically and economically achievable. 88
Whereas a great number of studies have been published on HIGS-mediated silencing of target 89 genes in pathogenic microbes, silencing of such targets through exogenously applied dsRNA 90 has been described only in a few studies (Koch et al., 2016; Mitter et al., 2017; Wang et al., 91 2016) . 92 However, given the ease of dsRNA design, its high specificity, and applicability to diverse 93 pathogens, the use of target-specific dsRNA as an anti-fungal agent offers an unprecedented 94 potential as a new plant protection strategy. Therefore, successful field application will 95 require optimization of RNAi design necessary to maximize the efficacy of the RNA silencing 96 construct. Recently, we compared the efficiencies of HIGS and SIGS dsRNA delivery 97 strategies to assess the activity of novel dsRNA species that were designed to target one or 98 two FgCYP51 genes (Höfle et al., 2018 in revision). Using barley as a cereal model, we found 99 5 that dsRNA constructs targeting two FgCYP51 genes inhibited fungal growth more efficient 100 than single constructs, although both types of dsRNAs decreased fungal infections (Höfle et  101 al., 2018 in revision). Based on these findings, we anticipate that constructs which target two 102 genes in parallel were more efficient because the number of siRNAs derived from those 103 double constructs are higher. 104
Previous studies led to the hypothesis that silencing is correlated with the number of siRNAs 105 generated from a dsRNA precursor 106 Therefore, we tested in a HIGS and SIGS approach dsRNA precursors of increasing length 107 ranging from 400 nt to 1500 nt to assess gene silencing efficiency of individual FgCYP51 108
genes. 109
We found that SIGS efficiencies dependent on the length of the dsRNA that was sprayed, 110
indicating that the size of the sprayed dsRNA interferes with a sufficient uptake mechanisms 111 of the fungus. Interestingly, we found that HIGS-mediated disease resistance was independent 112 of the length of the dsRNA constructs. Our findings suggest that HIGS and SIGS approaches 113 differ concerning their mechanistic basis, thus leading to different silencing efficiencies and 114 disease resistance phenotypes depending on RNAi construct design. 115 116
Results and Discussion 117

Host-induced gene silencing by CYP51-dsRNAs of different length confers resistance to 118
Fg in transgenic Arabidopsis 119
To assess whether silencing efficiency correlates with dsRNA length, dsRNA constructs of 120 400 nt to 500 nt and 800 nt were generated targeting single FgCYP51 genes (CYPA-500/800, 121 CYPB-400/800, CYPC-400/800). Additionally, the full-length cDNA of each FgCYP51 gene 122 (CYPA-full, CYPB-full, CYPC-full) was cloned without the start and the stop codon to avoid 123 protein expression. The constructs were inserted into the vector p7U10-RNAi ( Fig. S1 ) and 124 6 transgenic Arabidopsis plants were generated. Resistance to Fg was analysed on detached 125 leaves inoculated with 5x10 -4 Fg conidia per ml and incubated at RT. At 5 days post 126 inoculation (dpi) untransformed wt plants showed water-soaked spots with chlorotic and 127 necrotic lesions representing typical symptoms of a successful Fg infection (Fig. 1A) . In clear 128 contrast, plants expressing CYP51-dsRNA of different length showed significantly reduced 129 necrotic lesions compared to wt ( Fig. 1A ). There were no clear phenotypic differences 130 between 400 nt and 800 nt or full-length constructs ( Fig. 1A ) and the reduction of the 131 infection area was for nearly all constructs in a similar extent of about 50% to 60% in 132 comparison to the control (Fig. 1B ). The only exceptions were CYPB-800 that showed a 133 higher resistance and reduced infection area by 77% whereas CYPA-800 showed the lowest 134 resistance by reducing infection areas by only 34%. Concerning HIGS-mediated disease 135 control, we found that there is no significant correlation between the length of the dsRNA 136 precursor and the reduction of Fg infection on CYP51-dsRNA expressing Arabidopsis plants. 137
Previously, we found that CYP51-dsRNA activity involved co-suppression in the respective 138 non-targeted paralogous FgCYP51 genes (Höfle et al., 2018 in revision). To analyse whether 139 the observed phenotypes were provoked by co-silencing effects in the non-targeted CYP51 140 genes, we measured the transcript levels of FgCYP51 genes in the infected leaf tissue by qRT-141 PCR. As anticipated, the relative transcript levels of targeted genes FgCYP51A, FgCYP51B, 142
and FgCYP51C were reduced after inoculation of leaves expressing the respective CYP-143 dsRNA constructs (Fig. 2) . By comparing the 800 nt dsRNAs with the shorter 400 nt 144 dsRNAs, the longer precursors showed a higher gene silencing efficiency and reduced the 145 expression of all FgCYP51 genes by 80% or more. For full-length constructs, only non-target 146 gene expression could be determined because no gene specific primer that would not also 147 bind in the original construct sequence was available for qRT-PCR. Silencing efficiency of 148 non-target genes was high and over 60% in most cases. Notably, the strongest gene silencing 7 efficiency was observed for dsRNAs of 800 nt in length ( Fig. 2) . Thus, CYPB-800 exhibited 150 the strongest decrease in Fg infection of nearly 80% (Fig. 1) . 151
Interestingly, CYPA-800 which had a similar silencing efficiency than CYPB-800, showed 152 the lowest resistance by reducing infection areas by only 34% (Fig. 1) . Consistent with this, 153
we have recently shown that even strong silencing of FcCYP51A by almost 90% did not led to 154 growth inhibition and morphological changes of (control). All CYP51-dsRNAs reduced the infection symptoms as revealed by significantly 173 smaller lesions (Fig. 3A) . We found strongest resistance after spraying with 400-500 nt 8 constructs as the infection symptoms were reduced by 93% for CYPA-500, 89% for CYPB-175 400 and 90% for CYPC-400, respectively ( Fig. 3B ). Interestingly, infected areas of 800 nt 176 constructs were reduced on average by 70% compared to the control ( Fig. 3B ), suggesting 177 that the efficiency decreased by spraying 800 nt dsRNA. Recently, we have demonstrated that 178 spraying a 791 nt long noncoding dsRNA (CYP3RNA), which targets the three CYP51 genes 179 Consistent with our previous results, we observed that the number of off-targets increased 198 with increasing length of the different CYP51-dsRNAs ( Fig. 4) . Thereby, we found that 199 dsRNA constructs targeting FgCYP51A had the highest number of off-target hits in the non-200 9 targeted FgCYP51B and FgCYP51C genes (Fig. 4 ). This correlation resulted in the strongest 201 silencing efficiencies for CYPA-500 and CYPA-800 dsRNA constructs ( Fig. 5 ) thus, leading 202 to the highest disease resistance efficiencies of 93% for CYPA-500 and 71% for CYPA-800 203 in SIGS, respectively (Tab. 2). Notably, FgCYP51C-derived constructs seem to have fewer 204 off-targets in respective non-target genes than FgCYP51A-and FgCYP51B-derived 205 constructs, reflected by qRT-PCR results (Fig. 5 ). Thereby the number of off-targets per 206 construct increased with the length of the precursor RNA showing a maximum in the full-207 length constructs, as expected (Fig. 4) . This was regardless of whether FgCYP51A, 208
FgCYP51B or FgCYP51C was the actual target. Generally, FgCYP51C-derived constructs 209 seem to have fewer off-targets in respective non-target genes than FgCYP51A-and 210
FgCYP51B-derived constructs, although this was not reflected by qRT-PCR results (Fig. 2) . 211
To further prove whether longer dsRNAs result in higher numbers of siRNAs we predicted 212 the number of siRNA hits for each CYP51-dsRNA constructs using SiFi 213 (https://sourceforge.net/projects/sifi21) as prediction tool. Similar to what we observed for the 214 off-target prediction we found a strong correlation between the length of the dsRNA precursor 215 and the precursor-derived siRNAs (Tab. 1). However, this off-target based co-silencing 216 effects were more obvious for SIGS than for HIGS (compare Fig. 2 Spraying with full-length CYP51-dsRNA resulted in the lowest decrease in Fg infection by at 223 least 50% (Fig. 3B ). Thus, we overserved a decrease in Fg infection that correlates with the 224 length of the sprayed dsRNA (Tab. 2). However, expression analysis of FgCYP51 genes in 225 10 infected leaves showed target gene silencing and an overall strong co-silencing ( Fig. 5 ). All 226 constructs led to downregulation of respective non-targeted CYP51 genes except for 227 constructs targeting FgCYP51C (CYPC-400, CYPC-800 and CYPC-full), where an 228 upregulation of the non-targeted FgCYP51A and FgCYP51B genes was measured (Fig. 5) . 229
This was consistent with the off-target prediction, where CYPC constructs showed the lowest 230 number of siRNA that match to the FgCYP51A and FgCYP51B genes. Overall, these data 231
show a strong correlation between resistance phenotypes induced by CYP51-dsRNA 232 constructs and reduced expression of CYP51 genes. Notably, we overserved that co-233 suppression was completely lost when leaves were sprayed with full-length CYP51-dsRNA 234 ( Fig. 5) . Unfortunately, analysis of target gene silencing was not possible as there were no 235 primers available that would not amplify the sprayed RNA as well. 236
However, the decrease in efficiency from 70% for 800 nt CYP51-dsRNAs to only 50% with 237 the full-length dsRNAs indicate that the size of the dsRNA interferes with a sufficient uptake 238 of dsRNAs by the fungus. To further prove this idea, we treated Fg with full length CYP51-239 dsRNAs in vitro. We found that there was no silencing of the non-targeted FgCYP51 genes, 240 indicating that Fg was not able to take up >1500 nt dsRNA from liquid cultures (Fig. S2) . 241 Unfortunately, we were not able to analyse target gene silencing directly as there were no 242 primers available that would distinguish between dsRNA that was applied to the medium and 243 silencing of FgCYP51 target genes. However, as we observed 50% less infection symptoms 244 after spraying barley leaves with full-length CYP51-dsRNA (Tab. 2) we anticipate that there 245 are differences in the mechanism of fungal dsRNA uptake in SIGS compared to in vitro 246 culture treatments. In Aspergillus nidulans as well as in Congruent with the idea of different uptake/translocation mechanism we demonstrated that 252 HIGS, even though 200-500 nt CYP51-dsRNA constructs were less efficient compared with 253 SIGS, is not limited by the size of the dsRNA precursor the plants were transformed with. As 254 dsRNAs are expressed in planta and subsequently processed by DCLs enzymes, we would 255 expect that increasing the length of the dsRNA result in more siRNAs that were taken up by 256 the fungus (Tab. 1). Unfortunately, and in contrast with our expectation, the data showed not 257 such a correlation (Tab. 2). However, even for HIGS it must be considered that the host 258 produced dsRNA precursor could be taken up and processed by the fungus itself. and SIGS approaches became less obvious. If we compared CYPB-800 and CYPC-800 289 dsRNA constructs, SIGS was only 10% more efficient than HIGS (Tab. 2). Notably, if we 290 than compared efficiencies of CYP51-dsRNA constructs that were generated out of the full-291 length sequence (>1500 nt) of the individual FgCYP51 genes, HIGS and SIGS showed the 292 same level of around 50% reduction of Fg infection (Tab. 2). Importantly and in clear contrast 293 to HIGS, we measured a decrease in SIGS-mediated Fg disease resistance that is probably 294 correlated with the length of the dsRNA construct that was sprayed. More explicated, SIGS-295 based efficiencies decreased from 90% for 200-500 nt constructs to 70% for 800 nt constructs 296 to 50% for >1500 nt dsRNA constructs. 297
Taken together our results strongly support the notion that uptake of dsRNA of 200-800 nt in 298 length and procession of siRNA by the fungus is more efficient in terms of disease control 299 than uptake of siRNA via HIGS. However, little is known about how and which silencing 300 signals (i.e. siRNAs and/or dsRNA precursors) are transferred from plant into fungal cells. 301
Thus, since we have no evident proof for our conclusion this statement remains speculative. 302 13 Therefore, further research must address the question: What is the optimal dsRNA design for 303 uptake, translocation and silencing efficiency of the RNAi trigger compound? 304 305 Methods 306
Construction of CYP51 containing p7U10 RNAi vectors 307
CYP51-dsRNA constructs CYPA-500/800/full, CYPB-400/800/full and CYPC-400/800/full 308 were amplified from Fusarium graminearum IFA65 cDNA using gene specific primer (Tab. 309 S1) and inserted into the HindIII and XmaI restriction sites of p7U10 RNAi (Fig. S1 ). 310
Generation of transgenic Arabidopsis thaliana plants 311
p7U10 plasmids for transformation of Arabidopsis were introduced into the A. tumefaciens 312 strain AGL1 by electroporation. Transformation of Arabidopsis was performed with the floral 313 dip method as described (Bechtold and Pelletier, 1998) and transgenic plants were selected on 314 ½ MS agar plates containing BASTA (7 μ g/ml). 315
Plant infection assays and spray application of dsRNA 316
Fg IFA65 was grown on SNA agar plates at 22°C in an incubator (BINDER). For all leaf 317 inoculation assays, Fg-IFA65 conidia concentration was adjusted to 5 × 10 4 macroconidia 318 ml −1 in ddH20 containing 0.002% Tween-20. After inoculation, plates were stored at RT and 319 infection symptoms were assessed at 5 dpi. To evaluate infection severity, fungal growth was 320 determined by measuring the size of chlorotic and necrotic lesions using the ImageJ software 321 Wounding was performed by scratching of the leave surface with a pipette tip. At 5 dpi leaves 327 were frozen in liquid nitrogen and subjected to RNA extraction and cDNA synthesis. 328
For spray application, dsRNA was generated using MEGAscript RNAi Kit (Invitrogen) 329 following the manufacturer's instructions. p7U10 plasmids containing CYP51-dsRNA 330 constructs were used as template. Primer pairs with T7 promoter sequences at the 5`end of 331 both forward and reverse primers were designed for amplification of dsRNA (Tab. S1). The 
